Sorbus torminalis is a rare forest tree species in Poland. Allelic and genotypic structures at 25 isozyme gene loci were observed in 20 populations from Poland, situated mainly along a latitudinal gradient. Levels of genetic diversity were high both at the species level (P = 44 %, H e = 0.435) and within populations (mean P = 40.8 %, mean H e = 0.373). Levels of differentiation among populations were relatively high (F ST = 0.17) and a noticeable geographic structure of this differentiation was detected. The population in the 'Brekinia' reserve had a unique genetic structure of a clonal population and was the most distinct from the other populations.
Introduction
The wild service tree, Sorbus torminalis (L.) Crantz (Rosaceae), is a scattered temperate forest tree. It is a diploid (2n = 34), insect-pollinated species, whose seeds are dispersed by birds and mammals. S. torminalis can also reproduce asexually by suckers. The species is native to Europe, Asia Minor, Caucasus and north-western Africa. In Poland the S. torminalis range reaches its north-eastern limits. The species is fully protected by law and considered to be rare and endangered. According to the latest data there are 73 localities of the wild service tree in Poland and its total resources in our forests are estimated at about 2550 trees (BEDNORZ, 2003) .
Extensive examinations of genetic diversity in S. torminalis have been carried out in France and less detailed in Central Europe (PRAT and DANIEL, 1993; DEMESURE et al., 2000; ODDOU-MURATORIO et al., 2001; BIEDENKOPF et al., 2006) . In Poland some preliminary genetic studies on the species have been initiated recently (KRZAKOWA and BEDNORZ, 1999; BEDNORZ and KRZAKOWA, 2002; BEDNORZ et al., 2004) .
The objective of this study was to assess the level and distribution of genetic variation of S. torminalis in Poland, as this may be of prime importance for creating a programme of preserving its genetic resources.
Materials and Methods

Plant materials and isozyme analysis
Twenty Polish populations of S. torminalis were sampled in March 2004 (Fig. 1, Table 1 ). Dormant buds were collected from 8 to 41 trees per population (in most cases separated from each other by at least 20 m to avoid sampling the same clone). A number of sampled trees reflected to some extent the population size, expressed in the number of trees (correlation coefficient r = 0.7174, p < 0.05). Buds (2 to 3 per tree) were ground in the trisHCl buffer pH 7.5 (WENDEL and WEEDEN, 1989) . The enzymes were separated in 12 % starch gel, prepared in the lithium-borate electrode buffer pH 8.2, tris-citrate gel buffer pH 8.2, tris-citrate electrode buffer pH 7.0, and histidine-tris gel buffer pH 7.0 (ASHTON and BRADEN, 1961; CONKLE et al.,1982; WENDEL and WEEDEN, 1989) . The extracts were stored at -80°C until the electrophoretic analysis. As detailed inheritance analyses have not been carried out in S. torminalis, genetic control and the mode of inheritance of isozymes was inferred from other deciduous tree species, e.g. Sorbus aucuparia (RASPÉ et al., 1998) and Pyrus communis (CHEVREAU et al., 1997) . Additionally, for better interpretation of obtained zymograms, open-pollinated progeny of three trees with known genotypes was analysed. Fourteen enzyme systems with distinct and reproducible patterns were analysed: MDH, E.C. 1.1.1.37 (malate dehydrogenase, one locus: MDH-B), ME, E.C. 1.1.1.40 (malic enzyme, one locus: ME-A), 6PGD, E.C. 1.1.1.44 (6-phosphogluconate dehydrogenase, two loci: 6PGD-A, B), ADH, E.C. 1.1.1.1 (alcohol dehydrogenase, two loci: ADH-A, B), PGM, E.C. 5.4.2.2 (phosphoglucomutase, two loci: PGM-A, B), PGI, E.C. 5.3.1.9 (phosphoglucose isomerase, one locus: PGI-A), FLE, E.C. 3.1.1.1 (fluorescent esterase, two loci: FLE-A, B), GOT, E.C. 2.6.1.1 (glutamate oxaloacetate transaminase, four loci: GOT-A, B, C, D), GDH, E.C. 1.4.1.3 (glutamate dehydrogenase, one locus: GDH-B), DIA, E.C. 1.6.4.3 (diaphorase, four loci: DIA-A, B, C, D), SDH, E.C. 1.1.1.25 (shikimate dehydrogenase, two loci: SDH-A, B), G6PD, E.C. 1.1.1.49 (glucose-6-phosphate dehydrogenase, one locus: G6PD-A), IDH, E.C. 1.1.1.42 (isocitrate dehydrogenase, one locus: IDH-A), ACO, E.C. 4.2.1.3 (aconitase, one locus: ACO-A). The alleles were numbered from the fastest to the slowest. Standard staining procedures with some minor modification were used (ROTHE, 1994) .
Data analysis
The POPGENE 1.31 (YEH et al., 1999) computer program was used to estimate the main parameters of genetic diversity: P, the proportion of polymorphic loci at the 99 % level; N a , the average number of alleles per 
The similarity between pairs of populations was measured by NEI's (1978) unbiased genetic distances corrected for small sample sizes. The dendrogram was produced basing on this distance, using the UPGMA method (HARTL and CLARK, 1989) . A Mantel test, using 1000 random permutations, was performed with the IBD software (BOHONAK, 2002) , to test for significance of the correlation between genetic (NEI's) and geographical distances among populations.
Results
Allozyme diversity at species and population levels
From 25 investigated putative gene loci, 11 loci (MDH-B, ME-A, 6PGD-B, ADH-B, PGM-A, PGM-B, PGI-A, FLE-B, GOT-C, GDH-B, DIA-C) proved to be polymorphic, whereas 14 loci (6PGD-A, ADH-A, FLE-A, GOT-A, GOT-B, GOT-D, DIA-A, DIA-B, DIA-D, SDH-A, SDH-B, G6PD-A, IDH-A, ACO-A) were monomorphic. The num- ber of alleles detected at each polymorphic locus ranged from 2 to 4, with a mean of 2.55 ( Table 2 ). The highest number of alleles (4) was noted for ME and PGI. The ME-A locus was also characterized by the highest effective number of alleles, 2.913. The average values of observed and expected heterozygosities were 0.4178 and 0.4354, respectively. At the species level the percentage of polymorphic loci (P) was 44 %.
Levels of genetic variation within each population are surveyed in Table 3 . The ranges of percentage of polymorphic loci (P), mean number of alleles per locus (N a ) and expected heterozygosity (H e ) were 24-44 %, 1.546-2.455 and 0.193-0.473, respectively. The mean values of P, N a and H e over all populations were 40.8 %, 2.146 and 0.373, respectively. Populations 2, 19, 10 and 5 were characterised by the highest levels of genetic variation within populations. Populations 16, 8 and 4 were characterised by the lowest levels of genetic variation (population 16 was outstanding in this respect). There was no significant correlation between population size and levels of genetic diversity within populations (r = -0.1349 for H e ). The coefficient of variation of H e across all 20 populations was 0.18.
The F IS values varied considerably among loci, from -0.402 (MDH) to 0.101 (PGM-B) and were negative at 9 loci, and positive at only 2 loci (8 out of 11 loci exhibited significant departure of genotypic frequencies, compared to the Hardy-Weinberg expectations). The combined value over all loci was -0.157, indicating a small but noticeable excess of heterozygotes ( Table 2) . At the population level, the ratio of positive to negative inbreeding coefficients (F IS ) was 3:17 ( Table 3) . Out of 204 tests for departure from Hardy-Weinberg expectations, 30 were significant: 18 for heterozygote excess and 12 for heterozygote deficiency (p < 0.01). This indicates a tendency towards heterozygote excess within most of the studied populations of S. torminalis.
Spatial structure of variation and gene flow
The coefficient of differentiation among populations (F ST ) ranged from 0.075 to 0.263 across loci, with an overall value of 0.167 (Table 2) . Most alleles were found in all the studied populations. However, allele GDH 3 was present only in 2 populations (Tuchola in NW Poland and Lubiechowa in S Poland) and allele PGI 4 was only observed in 4 populations (2 from NW Poland: 'Brzęki im. Czubiń skiego' reserve, Opalenie; and 2 from S Poland: 'Kamień Ś ląski' reserve, Bial⁄owodzka Góra). Also allele ME 4 was relatively rare, present in 8 populations. Gene flow among 20 studied populations was relatively low (Nm = 1.25).
A Mantel test showed a positive, statistically significant correlation (r = 0.410, p = 0.000) between genetic and geographical distances. In the UPGMA dendrogram based on NEI's (1978) unbiased distance, populations tended to cluster according to geographic regions. All populations from north-western Poland (Pomerania) together with 4 populations from the mid-western region (Wielkopolska) formed 1 bigger group. The remaining populations from Wielkopolska clustered with 3 populations from southern Poland (Fig. 2) . Only 2 populations from south-western Poland (Lubiechowa and the 'Brekinia' reserve) showed noticeable divergent characters. The population from Lubiechowa is distinguished from the others by the highest frequencies of 2 rare alleles (GDH 3 and ME 4) and absence of 3 common alleles (ME 2, ME 3 and Got-C 2). It is a small population consisting of relatively young individuals. The population from the 'Brekinia' reserve is the least differentiated among the investigated populations (only 6 poly- loci) and has a genetic structure of a clonal population. Our study revealed that among 24 examined trees, 23 had an identical genotype and only 1 tree had a different genotype. This single tree had also 2 alleles unique to the population. Currently the population consists of about 40 trees and numerous sprouts growing on an area of 1 ha.
Discussion
The levels of genetic variation of S. torminalis in Poland, both within and between populations, are high. In comparison to the mean values given by HAMRICK and NASON (1996) for species with the same breeding system, i.e. outcrossed, animal-pollinated (P = 35.9 %, H e = 0.124 within populations; P = 50.1%, H e = 0.167 within species), our estimates of genetic variation (using all loci) in S. torminalis were similar (P = 40.8 %, H e = 0.164 within populations and P = 44 %, H e = 0.191 within species). According to HAMRICK and others (1992), woody species maintain more variation within species and within populations than species with other life forms, as mean estimates of genetic variation for the long-lived woody species are higher (P = 49.3 %, H e = 0.148 within populations; P = 65.0 %, H e = 0.177 within species). Similar values were obtained for S. torminalis by DEMESURE and others (2000) in France and Central Europe (P = 57 %, H e = 0.156 within populations; P = 66.0 %, H e = 0.185 within species). Although the percent of polymorphic loci was higher than in our study, the expected heterozygosity -which is the most useful and widespread measure of genetic variation (HEDRICK, 2000) -was slightly lower than that observed in Polish populations. Our populations of wild service trees are located on the north-eastern limits of the species range. Hence, a comparable level of polymorphism detected in S. torminalis in Poland and in the distribution centre of the species in France and Central Europe might be surprising. RASMUSSEN and KOLLMANN (2004) showed that generative reproduction of S. torminalis is reduced on its northern distribution limit in Denmark and that it might be negatively affected by pollen limitation and inbreeding effects. Such a situation results in decreasing genetic diversity and population viability. However, in Polish populations on north-eastern distribution limits, the sexual reproduction of S. torminalis is abundant and some gene flow among populations is observed. Hence, levels of genetic diversity in the wild service tree in Poland and its distribution centre are comparable. Our results for S. torminalis also indicate that the genetic diversity is equally distributed in Poland. The coefficient of variation of H e (0.18) is similar to that observed in S. torminalis in France (0.20) and in a compilation of 62 outcrossing tree species (0.17) (DEMESURE et al., 2000) .
The size of 20 populations of S. torminalis examined in Poland varied considerably, from 18 individuals to nearly a five hundred individuals. Usually, smaller local populations within a species contain less variation than larger populations due to genetic drift and inbreeding effects (ELLSTRAND and ELAM, 1993) . However, some studies show that the levels of genetic diversity within populations are not positively correlated with population size (e.g. LESSICA and ALLENDORF, 1992; ELLSTRAND and ELAM, 1993; OOSTERMEIJER et al., 1994; GODT et al., 1995) . Such a situation happened in the case of our study. We did not find any significant relation between population size and levels of genetic diversity. Populations 7, 11 and 18, which are the smallest among the 20 studied populations, maintained relatively high levels of genetic diversity.
A small but noticeable heterozygote excess within most of the examined Polish populations of S. torminalis was revealed in our study. This may be explained in a few ways. First of all, the wild service tree is an outcrossing species to a large extent. Only a very low rate of self-pollination has been found in S. torminalis (DEMESURE-MUSH and ODDOU-MURATORIO, 2004; RAS-MUSSEN and KOLLMANN, 2004) . It is also currently known that at least a weakened self-incompatibility system exists in the species (WOJCIECHOWSKI and BEDNORZ, 2000; DEMESURE-MUSH and ODDOU-MURATORIO, 2004; RASMUSSEN and KOLLMANN, 2004) . Self-incompatibility itself limits the crosses between closely related, genetically similar individuals, and thus may increase the level of heterozygosity in local populations. The high level of heterozygosity was observed not only in large populations with effective sexual reproduction but also in populations of smaller size. According to HEDRICK (2000), a small number of parents may cause an excess of heterozygosity in the progeny because of chance differences in allelic frequencies in the female and male parents. It must be also remembered that any population can undergo occasional fluctuations, and that some of currently small populations may be the remains of much larger populations existing in the past, when S. torminalis was more abundant in our forests. ELLSTRAND and ELAM (1993) have pointed out that with marked drops in population size, heterozygosity often remains relatively unchanged as long as population size rebounds rapidly. It is possible that such situations sometimes happened in the case of the wild service tree. The high level of heterozygosity in S. torminalis recorded in Polish populations is an advantageous feature. Some studies have previously suggested that highly heterozygous organisms are better able to cope with fluctuating environments (HUENNEKE, 1991; ELLSTRAND and ELAM, 1993) .
The majority of forest tree species are characterised by a low level of variation among populations. According to HAMRICK and others (1992) , the mean F ST for trees with animal-dispersed seeds is equal to 0.05. The value of this parameter observed in S. torminalis in Poland (0.17) is much higher. It is also slightly higher than previously reported (0.10 and 0.15) for the species in France (PRAT and DANIEL, 1993; DEMESURE et al., 2000) . DEMESURE and others (2000) noticed that relatively high F ST values were also reported for other scattered species having small populations, and that population subdivision promotes differentiation. In Poland S. torminalis has a scattered distribution, consisting mainly of nonrandomly mating small populations. The level of gene flow observed among studied populations of the wild service tree was relatively low. Therefore genetic drift can Bednorz et. al.·Silvae Genetica (2006) 55-4/5, 197-202 be here an important factor in differentiation of populations. In spite of relatively high genetic diversity of S. torminalis in Poland, genetic resources of the species may be endangered, because of spatial isolation of most populations and low levels of gene flow between them. Hence, some conservation measures should be undertaken to counteract low levels of gene flow between populations (increase the dynamics of gene flow between populations). Further studies based on direct estimates of gene flow would be also desirable.
The high level of differentiation among populations can also be explained by founder effects. It has already been ascertained that S. torminalis has a metapopulation-like dynamics, with frequent extinction and recolonization events and efficient seed dispersal strategies (DEMESURE et al., 2000; ODDOU-MURATORIO et al., 2001; DEMESURE-MUSH et al., 2004) . In such species the seed movements into an empty patch of favourable habitat are the basic mechanism for the foundation of new local subpopulations (MCCAULEY, 1994) . This fact explains the low pollen/seed migration ratio in such systems (MCCAULEY, 1997) . ODDOU-MURATORIO and others (2001) proved that neither pollen-nor seed-mediated gene flow was predominant in S. torminalis. The value of pollen/seed migration ratio obtained in S. torminalis (r = 2.21) was one of the lowest observed in woody species. This indicates the importance of seed dispersal. The efficiency of the seed-mediated gene flow may be explained by the mode of fleshy fruit dispersion by mammals and birds (SNOW and SNOW, 1988; GRIME et al., 1988) both over short and longer distances (ODDOU-MURATORIO et al., 2001 ). The extinction-recolonization dynamics of the wild service tree should imply special silviculture management (e.g. leaving free enlightened patches in the woods, natural regeneration promotion, competition control).
A positive, statistically significant correlation between genetic and geographical distances among Polish populations was found in our study. Also some divergence of populations from northern and southern Poland was ascertained. The post-glacial history might be important in the current pattern of differentiation. There are two most possible directions of S. torminalis migration to Poland: (1) from the south, through the Morawska Gate and along the Dunajec and Poprad valleys; and (2) from the west, along the Toruń -Eberswald proglacial stream valley. However, the origin of particular wild service tree populations remains unknown. The studies at the European scale indicated the presence of various refuges in Europe during the last glaciations, but no phylogeographic structure was found at a regional scale (PETIT et al., 2003) . The same authors pointed out that intensive seed movement and numerous extinction/recolonization events since the last glaciation could have blurred a preexisting phylogeographic structure.
The current genetic structure of 20 Polish populations of the wild service tree was ascertained in our study. As pointed out by HEDRICK (2000) , in small populations, the allelic frequency can undergo large fluctuations in different generations in an unpredictable pattern and can result in chance fixation or loss of an allele. Therefore, the currently observed genetic structure may be shortlived, at least in the smallest populations of S. torminalis examined in Poland. Although numerous examples of vegetative propagation by root suckers in S. torminalis are known, the intensity of this phenomenon and its impact on the genetic structure of the population observed in the 'Brekinia' reserve was outstanding. The population will be the subject of further studies.
The result of our investigation should be applied to conservation management of the genetic resources of wild service tree on its distribution limits in Poland. The general strategy including both in situ and ex situ measures has been recently developed by members of the EUFORGEN Noble Hardwoods Network (DEMESURE-MUSH and ODDOU-MURATORIO, 2004) .
